Introduction
Individuals, populations and species can differ widely in their tolerance to pollutants. The analysis of factors underlying tolerance is of basic importance in understanding adaptive mechanisms to different types of anthropogenic stressors (Woodward et al., 1996) . Heavy metals are frequently found in polluted areas and have been widely studied (for a review on the topic see Klerks and Weis, 1987; Bryan and Langston, 1992) . Tolerance to heavy metals can be defined as the ability to prevent, reduce or repair damage (Troncoso et al., 2000) . Tolerance can be developed by means of physiological processes during individual exposure (acclimation), by selective processes on genetic variability (adaptation), or by a combination of both (Klerks and Weis, 1987) . Heritability experiments showed genetic adaptation to cadmium, nickel and cobalt in populations of the benthic oligochaete Limnodrilus hoffmeisteri (Klerks and Levinton, 1989) . Authors hypothesised the occurrence in L. hoffmeisteri of a rapid adaptation, since tolerance evolved in about 30 years from the beginning of the discharge in the study area. Klerks and Levinton (1989) supposed that the responses to directional selection in natural populations could be rapid and strong enough to maintain resistance differences despite gene flow.
Allozyme polymorphism can have measurable effects on physiological performance and, ultimately, on adaptation. Such physiological variability can be reflected in a trade-off between individual growth, fecundities, timing of reproduction, behaviour, or other critical aspects of life history (Mulvey et al., 1995) . Differences in response to a stressor are supposed to be strongly genotype dependent, if involved loci play a major role in the flux of metabolites. Pollution has been described as a putative selective force influencing the pathway output and fitness related attributes of organisms (Benton and Guttman, 1997 ). An increasing number of investigations, based on allozymes, related the genetic structure of populations to the occurrence of environmental stressors (reviewed in Hummel and Patarnello, 1994) . Shifts in allele frequencies in populations have been supposed to be related to the differential mortality of sensitive genotypes (Nevo et al., 1986) . Some of these studies showed that electrophoretically defined genotypes can sensibly vary their frequencies in natural populations impacted by anthropogenic pollutants (e.g. Gillespie and Guttman, 1989; Patarnello et al., 1991; Roark and Brown, 1996) . Moreover, differential survival of specific genotypes under acute laboratory exposure to heavy metals has been demonstrated (Nevo et al., 1984 (Nevo et al., , 1987 . These results suggest that analyses of genetic patterns could be a promising tool for the genetic monitoring of environmental stressors (Nevo et al., 1987; Patarnello et al., 1991; Roark and Brown, 1996; Woodward et al., 1996; Troncoso et al., 2000) . Benthic invertebrates are particularly suited for this type of investigation because their habitat is often the depository for agricultural and industrial wastes (Benton and Guttman, 1992) . Hediste diversicolor (Müller, 1776) is a typical inhabitant of European brackish water habitats, and it shows high levels of tolerance towards different types and concentrations of contaminants (Muhaya et al., 1997; SaizSalinas and Francés-Zubillaga, 1997; Volpi et al., 1999 ). Toxicological studies showed that H. diversicolor could develop local ecotypes tolerant to high concentrations of heavy metals and that tolerance was neither readily gained nor readily lost Hummerstone, 1971, 1973) . The hypothesis of a genetic control of tolerance was supported by laboratory experiments demonstrating that tolerance to copper and zinc had a heritable component (Grant et al., 1989) .
The aims of the present study were: to quantify patterns of genetic structure in H. diversicolor exposed to different levels of sediment pollution in the Pialassa lagoons; to assess if variation of genotypic and allelic frequencies could be related to levels of habitat contamination.
Materials and methods

Study area
The Pialassa lagoons are located along the northern Adriatic Italian coast (44.4673-44.5293°N, 012.2375 -012.2705°E, European Datum, 1950 , between the city of Ravenna and the Lamone river estuary. Artificial embankments divide the lagoons in several shallow water ponds connected by channels. The inner channels are connected to the sea through the shipway Candiano channel. The average depth varies from 0.5 m in the shallow areas to 3 m in the channels with a tidal range variable from 0.3 to 1 m, excluding extreme events (Ponti et al., in press ). Tides cause large variations in the water levels and vast muddy areas emerge during low tides. Starting from the 1950s a massive industrialisation of the area transformed the southern coast of Pialassa Baiona into one of the major chemical districts of Italy.
Until 1973, due to the lack of specific regulations, industrial wastes were released directly in the Pialassa Baiona lagoon without any treatment (Fabbri et al., 1998) . At present pollution inputs are drastically reduced even if the basins still receive wastewater from urban and industrial treatment plants and from drainage channels of a large agricultural area (Ponti et al., in press ). Four sites, Baiona south, Baiona centre, Piomboni and Baiona north, up to 9 km apart, were sampled at increasing distances from the main sources of industrial pollution. Outside the lagoons a reference site was located in the Lamone estuary (Fig. 1) . Sampling was carried out from May to July 2001.
Analyses of mercury concentrations
Previous studies on the Pialassa Baiona showed a correlation between total mercury concentrations in sediments and the overall level of contamination due to other pollutants, such as PAHs and synthetic polymers (Fabbri et al., 2000; Fabbri et al., 2001a) . These results were ascribed both to the common history of the inputs and to the transport processes of pollutants across the Pialassa lagoons. Based on these studies, total mercury was used as a tracer of the overall level of pollution of sediments of the Pialassa lagoons.
At each site three samples of superficial sediments were collected in intertidal areas of about 25 m 2 using a small corer to obtain approximately 20 cm deep cores. Three H. diversicolor samples, represented by five individuals each, were collected at each site. Before analyses H. diversicolor specimens were kept for 72 h in glass dishes containing brackish water from the sampling sites to void the gut of sediment (Muhaya et al., 1997) . The analyses of sediments and H. diversicolor tissues were performed in triplicate. Reagent blanks and certified reference materials, IAEA 356 (marine sediment) and SRM 2976 (mussel tissue), were analysed concurrently with sediment and tissue samples to validate the method used (precision 10% and accuracy 92%, as recovery with respect to the certified value). Sediment samples were mineralised with H 2 SO 4 /K 2 Cr 2 O 7 at 140°C for 2 h and immediately analysed for total mercury by cold vapour atomic fluorescence spectrometry (CVAFS), using a Tekran 2500 detector, according to Fabbri et al. (2001b) . H. diversicolor tissues were digested with HNO 3 /H 2 SO 4 and total mercury was analysed by CVAFS, according to Cattani et al. (1999) . Differences in concentration values among samples and sites were tested by means of a two-way ANOVA, with site (five levels) as random factor and sample (three levels) as random factor nested in site. After Cochran's C-test, logarithmic transformation was used to homogenise variances of H. diversicolor tissues concentrations. SNK test was used for a posteriori multiple comparisons of means to identify possible spatial trends in mercury concentrations.
A qualitative estimate of the different fractions of mercury in the study area was carried out at the Baiona south site (core 3) and at the Baiona centre site (core 1). Sequential extraction designed as a modification of a protocol by Wallschlager et al. (1998) was applied. Three sequential steps were performed: in each step about 2 g of the solid sample were treated with 20 ml of the extraction solution, under a nitrogen atmosphere. After centrifugation, the solid residue was used in the next step and the leachate was analysed for total mercury. The following fractions were operationally defined: mobile mercury as the mercury fraction extracted by stirring wet sediment with 4 M HNO 3 at 0°C for 1 h; it should include elemental mercury, labile and carbonate associated mercury; humic acid-complexed mercury as the mercury fraction extracted by stirring the previous residue with 1 M KOH at 20°C for 24 h; sulphide-bound mercury as the mercury fraction extracted by stirring the residue of the previous extraction at 20°C for 24 h with a Na 2 S solution obtained by dissolving 40 g of Na 2 S · 9H 2 O in 110 g of 1 M KOH. The analyses of mercury fractions were performed in triplicate. Differences in concentrations of mercury fractions in the two cores were tested using contingency v 2 -test.
Analyses of allozymic patterns
At each of the five sites, the genetic structure of samples of H. diversicolor (76 < n < 99) was analysed by cellulose acetate allozyme electrophoresis. Allelic frequencies at 15 enzymatic systems, corresponding to 19 putative gene loci were quantified. Analysed loci were aldolase (ALD, E.C. 4.1.2.13); aldehyde oxidase (AO1, AO2, E.C. 1.2.3.1); formaldehyde dehydrogenase (FDH, E.C. 1.2.1.1); fumarate hydratase (FH, E.C. 4.2.1.2); fructokinase (FK, E.C. 2.7.1.4); glycerol-3-phospate dehydrogenase (GPD1, GPD2, E.C. 1.1.1.8); 3-hydroxybutyrate dehydrogenase (HBDH, E.C. 1.1.1.30); isocitrate dehydrogenase (IDH1, IDH2, E.C. 1.1.1.42); lactate dehydrogenase (LDH, E.C. 1.1.1.27); malate dehydrogenase (MDH, E.C. 1.1.1.37); malic enzyme (ME1, ME2, E.C. 1.1.1.40); mannose-6-phosphate isomerase (MPI, E.C. 5.3.1.8); glucose-6-phosphate isomerase (PGI, E.C. 5.3.1.9); phosphoglucomutase (PGM, E.C. 2.7.5.1); sorbitol dehydrogenase (SDH, E.C. 1.1.1.14). About 100 mg of tissues of H. diversicolor were homogenised with 100 µl of extracting buffer (Tris-HCl 0.05 M pH 8, Triton X-100 1:1000), subjected to electrophoresis and stained following the procedures reported in Abbiati and Maltagliati (1996) and Pasteur et al. (1988) with slight modifications. TEM pH 7.8 electrode buffer (Schneppenheim and Mac Donald, 1984) was used. Multiple loci for a given enzyme were numbered from the less anodal locus. For each locus the most common allele observed in the sample from the Lamone site was designated as the 100 allele. Alternate alleles were assigned a value relative to the position of the 100 allele and their migration distance. Electrophoretic data, including allele and genotype frequencies, mean heterozygosity, percentage of polymorphic loci, goodness-of-fit of the data to expected Hardy-Weinberg equilibrium proportions, heterozygote deficiency or excess (D = H obs -H exp / H exp ) and Nei's (1978) genetic distances were calculated using the Biosys computer software (Swofford and Selander, 1981) . Differences in allelic and genotypic frequencies among samples were tested for significance by means of contingency v 2 -tests performed both on the four Pialassa lagoons samples and on the overall Pialassa lagoons and Lamone estuary samples. When necessary, genotype classes were pooled to avoid errors from low expected numbers. The sequential Bonferroni correction was performed to control for type I errors.
Results
Levels of mercury concentrations
Total mercury concentrations measured in sediments (Fig.  2) ranged from 15.7 to 13 855.1 ng g -1 dw. Highly significant differences in concentrations among different sites were observed (F 4,10 = 11.5; P < 0.001) and a posteriori comparisons (SNK test) showed significantly higher values in the site Baiona south (BS > BC = BN = L = P), with mean levels of mercury concentrations more than an order of magnitude higher (mean [Hg] = 11 391.6 ng g -1 dw, S.E. = 447.5). Highly significant small scale variability was detected within sites among cores only a few metres apart ( dw, S.E. = 18.5). Highly significant small scale variability among samples of H. diversicolor within sites was also observed (F 10,30 = 22.7; P < 0.0001). Levels of mercury concentrations in sediments at the Lamone site were below the effects range low (ERL) for mercury in brackish habitats according to Long et al. (1995) . Similar values were observed at sites Baiona north and Piomboni (Fig. 2) .
Allozymic patterns of H. diversicolor
Levels of genetic variation within samples of H. diversicolor from the Pialassa lagoons and Lamone estuary were rather low. The mean number of alleles per locus ranged from 0.025, S.E. = 0.012 at Baiona South to 1.84, S.E. = 0.16 at Lamone. Loci AO2, FDH, MDH, ME2 were monomorphic in all samples. Seven of the 19 putative gene loci (ALD, AO1, FH, HBDH, LDH, PGI, SDH) were polymorphic (0.95 criterion) in at least one sample. The percentage of polymorphic loci (0.95 criterion) ranged from 0.11 at Baiona south to 0.26 at Lamone. Levels of observed mean heterozygosity per locus ranged from 0.025 (S.E. = 0.012) at Baiona south to 0.052 (S.E. = 0.018) at Lamone. In some samples private alleles occurred at low frequencies. No genetic differentiation among samples was recorded by Nei's genetic distance index (range: 0.000-0.003).
Evidences of genetic structuring among samples resulted from the distribution of the allelic and genotypic frequencies at six loci: ALD, FH, HBDH, LDH, PGI, SDH. For the ALD locus, contingency v 2 analyses performed on the four samples collected in the Pialassa lagoons revealed significant differences in allelic and pooled genotypic frequencies (Table 1) . For this locus Piomboni sample had a higher proportion of 102 allele and 100/102 genotype (Fig.  4) . For FH locus, allelic frequencies differed significantly when all five samples were analysed together, but not when the comparison was made among samples of the Pialassa lagoons. A similar pattern was observed for genotype analyses (Table 1) . This pattern could be explained by the higher proportion of 102 allele and 100/102 genotype in the Lamone estuary sample (Fig. 4) . For the HBDH locus, differences in allelic frequencies were observed among samples of the Pialassa lagoons, with greater abundances of rare alleles in the Baiona north and Baiona centre samples (Fig. 4) . Pooled genotypic frequencies resulted significantly different among the overall Pialassa and Lamone samples, but analysis of the four Pialassa samples did not show significant variability (Table 1) . Locus LDH showed significant variability in allelic and pooled genotypic frequencies (Table 1) among the four Pialassa samples. At this locus the Baiona south sample was characterised by a greater abundance of 100 allele and 100/100 genotype. The Baiona north and Baiona centre samples showed higher proportions of 98 allele and 98/100 genotype (Fig. 5) . A significant departure from Hardy-Weinberg equilibrium (Table 2) , due to heterozygote deficiency, was observed both in the Baiona centre sample (D = -0.346), and in the Lamone sample (D = -0.790). For PGI locus, no significant differences in allelic and genotypic distributions (Table 1) were observed among the Pialassa samples (Fig. 5) , but a significant departure from Hardy-Weinberg equilibrium was observed in the sample from the most polluted site, Baiona south (Table 2) , due to heterozygote deficiency (D = -0.461). For SDH locus, highly significant differences were detected in allelic frequencies of the Pialassa samples (Table  1 ) with a higher abundance of 98 allele in Baiona south, the most contaminated site (Fig. 5) . Genotypic proportions of the Pialassa samples were not significantly different when rare genotypes were pooled (Table 1) . Moreover, a significant departure from Hardy-Weinberg equilibrium was observed in Baiona south (Table 2) where heterozygote deficiency was observed (D = -0.475).
Discussion
Patterns of contamination of sites
The chemical analyses of sediment cores and H. diversicolor tissues showed a significant spatial variability in mercury concentration in the Pialassa lagoons. Variability at the large spatial scale (sites) has been previously described (Fabbri et al., 2001a) , however, small scale heterogeneity has not been quantified before. Possible factors that could influence the concentrations of heavy metals in sediments include chemical processes, as organic matter contents and redox conditions (Muhaya et al., 1997) , physical processes, such as dredging activities, hydrodynamic mixing, resuspension of sediments (Fabbri et al., 2001a) and biological processes, such as bioturbation (Petersen et al., 1998) . Small scale differences in mercury concentration values could be strongly influenced by local patterns of emersion/submersion due to semidiurnal tides. The cyclical oxidation of sediment might enhance the exchange of heavy metals between sediment particles and pore water (Volpi et al., 1999) affecting mercury distribution in sediment and bioaccumulation in H. diversicolor. Presence of floating agglomerates of dead macroalgae could further enhance mercury transport and redistribution across the Pialassa lagoons. Owing to the high degree of eutrophication of the Pialassa, blooms of the green algae Ulva sp. generally occur in summer (Ponti et al., in press) . Ulva rigida can accumulate up to 2200 ng g -1 dw of total mercury (Fabbri et al., 2001a) . In early Autumn clots of macroalgae are transported across the lagoon by tidal flows, being a possible medium for the redistribution of contaminants. Moreover, assimilation of metals by macroalgae could affect their bioavailability for benthic deposit-feeders, contributing to the variability of mercury concentrations in H. diversicolor tissues.
Despite the high variability a trend of decreasing mercury concentration both in sediments and H. diversicolor tissues has been observed, Baiona south and Baiona centre being the most polluted sites, while Baiona North, Piomboni and Lamone showed low levels of contamination (Figs. 2 and 3) . Differential bioavailability of the most mobile mercury fractions could provide a possible explanation for the differences in patterns of total mercury concentrations observed in sediments compared to H. diversicolor tissues at the two impacted sites (Fig. 3) . Fabbri et al. (2001a) showed that in the Pialassa Baiona proportions of the most mobile fractions of mercury (methyl mercury and mobile mercury) were higher northward from the major sources of industrial pollution, contrasting with the trend of total mercury concentration which decrease from south towards north. However, the analyses of the relative abundance of mobile mercury quantified in the two cores collected at the most contaminated sites does not confirm this trend.
Differences in mercury concentrations measured in H. diversicolor tissues at the most polluted sites (Fig. 3) could be explained by variability in bioaccumulation/detoxification rates due to adaptation/acclimation to metal pollution (Bryan and Hummerstone, 1971; Muhaya et al., 1997) . Increased metal accumulation rates have been observed in H. diversicolor populations resistant to heavy metal pollution (Bryan and Hummerstone, 1971) . Klerks and Weis (1987) suggested that resistant organisms could evolve an increased capacity to sequester the metal in a less toxic form or to have selected metabolic pathways that are less sensitive to metal concentrations (e.g. enzyme on which the metal has a critical effect could be less sensitive).
Pattern of genetic variability in H. diversicolor
Genetic structure of H. diversicolor populations from the Mediterranean coasts has been analysed by Abbiati and Maltagliati (1996) . These authors found low levels of intrapopulation genetic variability and a general increase in interpopulation differentiation along a distance gradient among different brackish water basins. Genetic analyses of samples collected in the Pialassa lagoons and Lamone estuary partially confirmed these results. Genetic variability within samples was low, and a limited genetic differentiation among Mulvey et al. (1995) found differential sensitivity of PGI-2 genotypes in populations of G. holbrooki exposed to a chronic and acute mercury stress. These authors suggest that even if allozyme polymorphism for PGI-2 is related to performance differences in stressful conditions, it is not yet possible to distinguish between differences due to the locus under study or to closely linked loci (genetic "hitchhiking"). The deviations from Hardy-Weinberg equilibria and the heterozygote deficiency observed for LDH, PGI and SDH loci at the most contaminated sites could support the hypothesis of a selective disadvantage of heterozygotes. The results of studies comparing the relative resistance of heterozygous and homozygous individuals to metal contamination do not suggest general predictable effects (see review by Roark and Brown, 1996) . In the presence of stressors some species (e.g. Nectopsyche albida) show a greater resistance/survivorship of heterozygous individuals (Benton and Guttman, 1992) while in others (e.g. Gambusia affınis) homozygous genotypes at individual loci have been found to be selectively favoured (Diamond et al., 1989) . Several factors could also explain the heterozygote deficiency observed in H. diversicolor (Wahlund effect, genetic drift, null alleles, etc.) therefore, without further experimental validations, we should be cautious in attributing a direct relationship between pollution and Hardy-Weinberg deviations for LDH, PGI and SDH loci. Loci ALD, FH and HBDH also showed non-random allelic and genotypic distributions but these variations could not be related to the gradient of contamination and do not seem to be affected specifically by pollution levels.
Allozyme loci were originally developed and widely used as neutral markers (reviewed in Belfiore and Anderson, 2001 ). Proponents of this idea contended that although proteins examined were known to be relevant to basic physiological functions, variants were unlikely to be selectively different. Empirical observations have led to this position being challenged by various authors (e.g. Nevo et al., 1984 Nevo et al., , 1986 Nevo et al., , 1987 Gillespie and Guttman, 1989; Roark and Brown, 1996) . The present study showed the occurrence of nonrandom allozymic patterns among H. diversicolor samples along pollution gradient. Polymorphism at LDH, PGI and SDH loci appeared to be possibly related to the contamination levels, but observed genetic patterns do not represent evidence of a causal effect of contaminants. As Klerks and Levinton (1989) outlined, analysis of the genetic effects of pollutants in field populations is often difficult, as impacted areas may contain different toxicants, and pollutants synergism could hinder the identification of driving selective forces. Moreover the association of specific genotypes with tolerances to contaminants needs to be approached with caution (Lewis et al., 2001) , as the occurrence of nongenotypic factors (e.g. environmental conditions in developmental stages, acclimation etc.) could have an important influence on tolerance. The data presented in this study provide a background necessary for experimental validation on the relationships between contamination levels and allozymic patterns of H. diversicolor.
